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I.  Similarity  Criteria  for  Chemical  Processes 

The  design  of  reactors  for  use  with  chemical  pro¬ 
cesses  requires  usxially  a  combined  examination  of  the  fol¬ 
lowing  system  of  differential  equations  set  up  for  an  in¬ 
finitesimally  small  reactor  element:  1)  material  balance 
equation;  2)  energy  balance  equation;  3)  fundamental 
equation  of  hydrodynamics  or  equation  of  motion;  4)  kin¬ 
etic  equetion  of  the  reaction;  and  5)  equations  associated 
with  the  determination  of  homologous  conditions. 

Even  in  the  absence  of  chemical  reactions  it  is  not 
usually  possible  to  arrive  at  an  analytic  solution  to  a 
system  of  these  equations,  hence  in  such  cases  the  prin¬ 
ciple  of  similarity  finds  broad  application. 


1 


The  EwlicPtion  of  the  principle  of  eimllerity  to 
chemical  proceaces  requires  joint  examination  of  e  system 
of  all  the  differenlial  equations  enumerated  above,  sup¬ 
plemented  by  terms  which  take  into  account  the  presence  of 
point  sources  of  energy  end  mass,  which  considerably  com¬ 
plicates  the  problem.  The  complexity  resides  Ij  the  fact 
that  in  the  usual  case  it  is  not 

ultfineruc^l  V  the  hvci3?odyn8mic ,  therrr.al  ^  diffuBion,  end  tne 
pi^srchemlcal  of  the  processes  existinp;  in 

annaratus  of  various  scales. 

It  is  characteristic  of  chemical  processes  that  one 
svstem  cannot  be  modeled  upon  another,  as  this  can  be  done 

fir  physloel  trooesses.^  hydrodyse.io  similarity.  If  we 

can  preserve  the  constancy  of  the  Be  criterion  In  the  podel 
and  in  the  prototype  hy  repleclng  one  systen  by  onother,  ■ 
this  we  are  not  able  to  achieve  in  the  instance  of  chemical 
Smfla?i?v!  s?nce  e  chemical  reaction  of  a  piven  group  of 
compounds  cannot  in  the  general  case  be  reproduced  with 

the  compounds  of  another  group.  j  t  nr 

!As  a  consequence  of  this  end  other  difficulties , 
the  principle  of  similarity  at  the  present  time  is  relative 
Iv  rarely  employed  for  modeling  chemical  processes. 
ever!  it  has  found  quite  wide  usefulness  in  enrichinF;  ex¬ 
perimental  data  of  quite  diversified 

As  a  result  of  similar  transformation^  of  the  sy^ 
tem  of  differential  equations,  the  following  criteria  for 
chemical  simiierity  have  been  obtained  (2^): 

Damkohler  Criteric'n  I 


where  U  >=  reaction  rate  in  kg  molc/(E^)(ho\ir) ;  1  »  linear 
dimension  in  the  flow  direction  in  m;  w  =  linear  velocity 
of  the  flow  in  m/hour;  end  c  *  reactant  concentration  in 

kg  characterizes  the  residence  time  of  the 

flow  in  the  reactor,  then  the  ration  c/ll  will  represent 
the  duration  of  the  reaction  proceeding  at  constant  veloc> 

^  Consequently,  the  DSj  criterion  can  be  regarded  as 

the  ratio  of  the  residence  time  in  the  reactor  to  "tbe 
duration  time  of  the  reaction  at  constant  velocity  until 
the  reactant  is  completely  consumed.  It  is 
the  Daj  criterion  may  be  treated  also  as  the  ratio  of  the 
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reaction  rate  tothe  flow  velocity,  expressed  in  the  same 
units  ^ee  Note?  6r  a^  the  ratio  of  the  concentrations,  of 
the  reacting  substance  to  the  concentration  brought  into 
the  flow,  or,  of  course,  as  the  ratio  of  the  actual  length 
of  the  reactor  to  the  length  of  the  reactor  that  is  neces¬ 
sary  for  the  full  completion  of  the  reaction  at  constant 
velocity. 

4  '  V  paAkohler  Criterion  il  li 


M. 

tD 


where  D  *  coefficient  of  molecular  diffusion  in  m  /hour. 

f  ^ote;  The  criterion  W  ■  w„/Uj^,  discovered  by  Mats©, 
involves  the  reaction  rate  eXpresfed  in  units  of  the 

flow  velocity  or,  for  a  first-order  reaction,  in  the  form 
of  -the  rate  constant;  as  follows  from  the  determination 
of  the  Da,  criterion,  the  Mats  criterion  is  identical  to  - 

the  same./  '  "  ''■■■■■- 

THe  Dajj  criterion  represents  the  ratio  between  the 

rate  of  the  chemical  reaction  and  the, velocity  of  molecular 
diffusion.  By  analogy  with  the  Ba^  criterion  the  Da^j  cri¬ 
terion  cSh  be  treated  also  by  use  of  other  quantities,  as 
this  has  been  shown  above.  ^  ^ * 

c  -Bamlcohler. Criterion  III  ' 


qUl 


Where  q  »  thermal  effect  Of  the  reaction  in  kcal/kg  mole; 
Cp  «  heat  capacity  at  constant  pressure  ln_kkcal/Ocg)(C); 

«  specific  weight  of  the  medium  in  kg/m^;  iit  *  charac¬ 
teristic  temperature  difference,  which  can  be  considered 
as,  for  example,  the  difference  in  temperature  between  the 
reactor  wall  and  the  center  Of  the  flow,  or  the  change  in 
temperature  along  the  length  of  the  reactor. 

As  follows  from  ratio  (3),  the  DamkShler  criterion 
III  is  expressed  as  the  ratio  between  the  Amount  of  heat 
released  as  a  result  of  the  reaction  'and  the  amount  of 
heat  transported  by  the  flow. 


Damkohle^  Oriterion  IV 


Daiv  •* 


1  •■  ...  ■  J.  ^  ^  .  ,  •  •■ 

i  Where  A  -  theimial  gohdiictivity  6f  the  reaction  fixture 

:ln  kkcal/(m)^gr)(^C)^^^^^^^^  tV  S5* 

i  ratio  between  the  amount  Of  heat  released  *8 

'the  reaction  and  the  amount  Of  heat  transported  due  to 

! thermal  conductivity. 


Criterion  of  Equilibriumness  or  Criterion  of 
.QudBlstaticityC^) 

^  ^  £a.’  •  • 


0) 


where  k,  and  ■  correspondine  forward  and  reverse  Mac- 
Ition  rate  constants}  end  -  corresponding  forward  : 

•  and  reverse  reaction  rates*  and  Cg^  ^  concentrations 

of  the  reaction  products  Bg,  C^^  •  con- 

icentrations  ,of  the  starting  components  and  Ag}  P],  fe 

•  atolchiometric  coefficients  of  the  reaction  products;  , 
|c£^  and  Ofg  »  stoichiometric  coefficients  of  the  components 

{ Ai  and  Ao •  ' 

i  •  The  criterion  of  ecuilibriumness  can  be  ©JP^eseed 

ias  the  ratio  between  the  inteTOal  rates  of  the  chemical 
j reaction V  that  is,  between  the  rates  of  the  forward  a 
;  the  reverse  reaction.  ' 


Ko-^ 


where  r  -  residence  time  of  the  reaction  mmure  iabhe  _ 
Ueactor ;  -  the  total  of  the  stoichiometric  coefficients 
on  the  right-hand  side  of  the  kinetic  equation. 

The  criterion  of  contact  is  expressed  as  the  jabio 
between  one  of  the  internal  rates  of  the  reaction  and  the 
;  net  reaction  rate . 
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ilPor  fltn  irreversible  reaction*  wheii  the  reverse 
reaction  is  Oracticallir  equal  to  aero,  the  contact  crlteir^- 
ion  coincides  with  the  Da^  criterion,  which  we  can  arrive 

at  by  employing  in  the  Da^  criterion,  instead  of  the  rea<v 

tion  rate  0,  its  expression  in  terms  of  the  reactant  con-j 

centration^^_  also  been  suggfested  that  the  dimenSiOnleSs  j ' 
equilibrium  constant  be  employed  as  a  criterion .  '  ,  '  < 

•  i^rbenius  C,ritefion(^,6) ; 


where  E  *  ener^  of  activation;  and  fi  ■  gas  constants  ^  | 
The  Ar  criterion  is  expressed  as  a  ratio  between  ; 
the  energy  of  activation  and  the  internal  energy  of  the  | 
system.  r,  v  j  V;,  ,  j 

Criterion  of  liadiation  (2^  ‘I 


qcm 

T,' 


i  where  Cn  «  constant  in  the  Stefah-iBoitzmann  radiation  ' '  [ 

'equation;  e  -emission  coefficient  in  the  same  equation;  j- 
and  T2  “  corresponding  temperatures  of  the  more  imd 

'  the'-'less  heated  surfaceSv'  ’  ■■  :•  c.  ■  i  ..  •.  -.,1  ' 

Criteria  (8)  and  (9)  are  obtained  not  from  the  fur^- 
i  amental  system  of  differential  equations  but  from  the  ,  i 
‘  Stefan-BOltzmann  equation  end  must  be  employed  when  the  , 
reaction  occurs  at  a  sufficiently  high  temperature  that  i 
it  is  necessary  to  calculate  for  the  heat  transferred  by  ; 

radiation.  ^  • 

‘  Criterion' of  radiation  <9)  can  be  expressed  as  a 
!  between  the  quantity  of  heat  released  due  to  the  ■  1 

reaction  and  the  quantity  of  beat  transported  due  to  rad¬ 
iation,  end  secondly,  as  the  ratio  between  the  temperatures. 
;  of  the  radiating  surfaces. 
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"  Criterion  of  Hydrodyn^aiaic  iCcceleratiori(8)r 


vtv' 


XIO) 


where  Av  <•  increase  in  volume  occurring  In  the  course  of 
;  the  reaction  in  mVkg  mole.  .  „ 

The  criterion  of  hydrodynamic  acceleration  K  can 
be  expressed  as  a  ratio  between  the  volume  of  the  reaction 
■mixture  which  passes 'through  the  reactor  in  a  unit  of  time 
and  a  change  in  the 'Volume  due  to  the  chemical  reaction. 

The  criterion  takes  into  account  the  acceleration  .of  motion 
of  the  reaction  mixture  in  the  reactor  which  results  from 
the  progress  of  the  chemical  reaction.  Both  the  radiation 
criterion,  and  the  criterion  of  hydrodynamic  acceleration 
are  involved  in  the  number  of  criteria  specified  in  the  • 
situation  of  the  occurring  reaction. 

Still  other  criteria  may  be  employed  which  take 
into  consideration  the  specifics  of  the  environmental 
conditions  of  the  ongoing  reaction. 

Generalised  Heat  Criterion 


(11) 


where  qicv  ■  heat  flow  through  a  unit  of  heat- exchanging 

surface  in  kcal/(m^)(hour) .  ^ 

This  criterion  is  expressed  as  the  ratio  of  the 
quantity  of  heat  released  due  to  the  reaction  end  the 
quantity  of  heat  exiting  or  entering  through  the.heat- 
exchan^ing  surfaOe.  ^  ^  „ 

The  expediency  of  introducing  the  is  conditioned 


by  the  fact  that  the  heat  flow  per  unit  of  heat-exchanging  i 
surface. is  independent  of  the  variable  which  the  experi¬ 
menter  may  vary  independently  from  the  scale. 

It  is  not  rare  in  the  analysis  of  chemical  processes, 
to  employ  criteria  analogous  to  those  examined  earlier, 
though  somewhat  modified  appropriately  to  the  processes 
under  study. 

G^us,  the  following  criterion  (9.10)  has  also  been  , 
introduced 


r  (12) 
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[where  kjj  »  nth  order  reaction  rate  constant,  represented  i 

as  a  cbmplek  function  of  time  (it  is  assumed  that  the  tem^ 
perature  changes ’  according  to  a  detenniined  manner)*  ft  j 
is  obvious  that  the  criterion  Kjgit  be  regarded  as  e  | 

modified  Daj-,  in  which  the  chemical  reaction  rate,  changifag 

in  time,  is  taken  in  the  integral  form.  The  represents-  |  ; 
tion  of  the  criteria  in  the  integral  form  is  expedient  in|  . 
all  cases  where  the  properties  of  the  chemical  system  arej 
changing  in  time  (or  in  spaed;  then  the  integration  is 
carried  out  throughout  the  volume)*;  \ 

For  the  case  of  heterogehous  chemical  reaction  thej 
following  criterion  can  be  introduced^ (11) : . 

■  '  ,  .  *  '  ! 

;  (13)| 

'  •  ■  n  .  I, .  ‘ 


!  where  k*  «  rate  constant  of  the  heterogeneous  chemical 
!■  n  j 

j reaction  occuring  per  unit  surface  of  the  phase  boundary,! 
jand  Pr  «  (wl)/a‘Re  is  the  Prandtl  criterion,  where  a»4^c^ 

I  «  coefficient  of  thermal  diffusivity.  i 

i  In  the  capacity  of  the  linear  dimension  in  this  I 

[criterion  we  can  employ  the  thicknessdof  the  diffusion  ' 
[film,  which  is  equal  to  | 


j  Pr)..’  j' 

I  '  '  '  •  ■  ' 

I  It  is  not  difficult  to  see  that  the  criterion  Kj.j{  ! 

j is  a  mCdifiCation  of  the  Dajj  criterion  in  which  for  1  j 

i  &  is  employed  and  the  reaction  rate  is  considered  per  unit 
of  surface  at  the  phase  boundary.  /  J 

For  the  same  type  of  modified  Criteria  it  is  possi¬ 
ble  to  bring  in  the  dimensionless  multiplier  ^  ,  which  is 
used  in  the  calculation  of  absorption  processes  (12): 


where 


"  ",<14) 

.  ^  Xi5) 
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The  ^Wession  (14)  ie  pbthihed  as  a  result  of  the 
combined  solution  of  the  diffusion 
tics  equation  for  a  first  order  reaction.  . 

(14)  can  be  conveniently  labeled  as  the  Hatta  criterion 

*  However,  it  is  not  difficult  to  show  that  the  Hatta 
criterion  has  the  same  value  functionally  associated  with 
the  Da^j  criterion: 


hVkjD  Vk:^  _ 

tgb  6  VvB  “  tgh  YkiV/D  tgh  VBir, 


(16) 


Simplex  criteria  are  often  used  as  controlling^^ 
criteria.'  We  can  indicate  the  following  in  the  capacity 
of  such  simplexes 


(17) 

(18) 


where  Cg  «  concentration  at  the  reactor  inlet;  Cg  ■con¬ 
centration  at  the  reactor  outlet;  c  - 

achieved  in  the  given  reactor;  and  c*  •  equilibrium  con¬ 
centration  (17)  characterizes  the  ratio  of  the  concen¬ 
trations  at  the  inlet  and  outlet  of  the  reactor,  whereas 
simplex  (18)  characterizes  the  relative  product 

Instead  of  the  ratio  of  the  concentrations,  wf  can 
ntilize  the  ratio  of  any  other  physical  properties  (10) 
which  are  characteristic  of  the  system  ^d  which  re¬ 
lated  to  the  concentrations .  (For  _ 

viscosities,  densities,  etc.)  Such  a  method  ®£, f 
concentrations  by  physical  properties  cw  be  utilized  for 
finding  out  the  conditions  controlling  the  process,  its 

reculation.  and  its  automation.  '  . 

”  Along  with  the  above-enumerated  similarity  criteria 
arising  from  the  original  system  of  differential  equations, 
we  can^include  in  the  general  criterion  equations 
which  characterize  the  hydrodynamic  similarity  Re  •  (wl)/y, 
the  thermal  similarity  criterion  Pe  •  (wl)/a,  and  the  dif¬ 
fusion  similarity  criterion  Peji  . 

^®A  “  etc. 
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Then  the  general  criterion  equation  for  a  chemical 
ipifocess  acquires  the  form  fox*  the  of  iri-tverclljle  ,  I 

i  reactions :  i 

*>*ni.  Oiiv.  He.  Pfej,.  ae.K|  ...>  (19)  j 

i  •  .'—  ■  ;„•■  j 

I  Where  -  Criteria  specific^  by  Bituhtibh  of  the  onpj 

I  going  precede  (cf  cquatiohs  ($)'  r  (10)  ).  „  '  f 

j  We  may  also  employ  as  a  di^termihihg  ePiteirion,  in-j 

; stead  of  the  Dax  criterion,  the  simplei-criteria  <17)  and; 

UlB).  '  I 

>  The  criterion  equations  in  the  case  of  reversible  j 

1  reactions  are  represented  in  the  following  form:  j 


Pa  *  hajij,  .Da|y,  ‘Paj  Pc#!  Ra*  .K|)' 


S' :  I' 


(20) 


R 


! (The  criterion  Ar  does  .not  increase  the  number  of  criteria 
,  entering  into  the  geiiefal  criterion  equation  since  it  chari-  < 
acterizes  the  change  in  the  temperature  value  which  has  ,  !  . 
already  been  inoluded  in  the  , criteria  examined  earlier:  j 


Da. 


'Da-jry)  • 


Since  in  some  criteria  expressed  in  equations  (19); 
and  (20)  some  of  the  same  parameters  are  found,  then,  ac-l 
cordingly,  .  the  number  of  criteria  can  be  diminished  by 
combination  of  individual  criteria.  ,  I 

,  For  example,  the  criterion  Da^j  can  be  expressed  ais 

the  product  Daj*Pe^,  that  is: 


Da 


it 


fin 

eD 


^  ^  Ul  wt  UP 
Da.  .|>c^  w  — « ^ 

^  ^  ew  D  cD 


the  criterion  ~  as  the  product  Da ^ " y  ^ 

nut 


Daiit 


qc  ■  qc  ■  '  qUl 

•"i*  CpT  4/  “  m  V  “  «pT«»  4/ 


■U!“  CpiwAt 

The  complex  of  the  values  of 


■  has  been  deter^ 


mined  by  D’yalconov(3)  as  the  criterion  establishing  the  ' 
proportionality  of  the  temperature  and  the  concentration  f 
dbmalns. '■  '■»  '  \ 

We  designate  this  criterion  in  the  following  way: 

^ee'^Note7-^-v*-‘''  ^  -■  -  .  '.V  •' 


<-‘:v 


'  f!  V.'’  ? 


K«*  e^Tfit 


.  (?1) 


^ote:  In  several  studies  the  criterion  has 

duct  Daj;*Pr*%KV^hat  v  ,  • 

ovfi  ui 

'  P^iv  -  tTi  '■  ^ 


Inasmuch  as  the  criteria  Pe  and  Pe^j  can  be  repre¬ 
sented  in  the  form  of  the  products  Re-Pr  and  Re-Pr^  ,  then 

by  dividing  out  the  criteria  Da 4.*,  * 

Daj  criterion,  and  Re  can  be  put  into  the  form  0^  ® 

transformed  equations  (19)  and  (20):  '  ' 


and‘ 


P«l -/(Ktr  *^‘ %•  *^**  *<^ 

X, fs.  -  IfP^i.  Pr.  Pr,.  R*.  K/) 

C% 

p,-/(Ko,  K^  Pr.  Pr*.R«.  K,) 
X.-7r-f(Ro.  K„.  Pr.  Pr,.  R*.  K> 


(22) 


(23) 


(24) 


(2^) 


'  In  the  cese  of 

^  ?hieee 

portlcipetlng  in  the  pi^ees.^^  ^  large  nninhep.  Of  criteria 

Kto“tSriueka"Jfe,5S?f-f(Sf^ 

th^Rosslbility  of  satisfying  the  constancy  of  all  th 


'controlling  criteria. 


TABLl  1) 

Beeults  Based  on  the  Basic  Criteria  of  Cheitiical 


[  on  the  Basic  Criterii 
Similarity  Note/ 


Rate  of 
change  due 
to  chemical 
reaction 


4*  0  (Div  grad)  t 


TABLE  1  (continued) 

Equation  of  the  ipeuctlon  kinetics 


Resulting 
reaction  rata 

Rate  of  ^he  - 
forward 
reaction 

kabe  oi  the 
•  -reverse 
reaction 

•0 

» 

•• 

*  .  ■ 

'  i 

• 

‘  » 

a 

• 

/Rote:  The  single  arrow  indicates  the  denominator; 
the  doiihle  arrow  the  numerator^? 


For  example,  it  is  impoBsible  to  Bustaln  at  the 
same  time  the  constancy  of  both  Re  and  DSj  in  the  model 

and  in  the  prototype,  since  the  linear  velocity  which  fig¬ 
ures  in  both  these  criteria  is  differently  dependent  on 
the  linear  :dimension,which  also  enters  into  both  these 
criteria,  vis:  under  the  conditions  of  preserving  the 
constancy  of  the  Da^  criterion  it  follows  that  the  criter¬ 
ion  varies  inversely  to  the  linear  dimension.  Hence,  the 
direct  modeling  of  chemical  processes  by  producing  a  gen- 
eral  criterion  equation  is  shown  to  be  practically  itnpos- 
Bible  /See  Note/.  This  has  led  to  the  necessity  for  ap¬ 
proximation  modeling.  The  derivation  of  fundamental  chem¬ 
ical  criteria  is  represented  as  set  forth  in  Table  1  Qcr 
page  685  /original  pagination/). 

/Note:  The  artificial  decrease  in  catalyst  a^ctiv- 
ity  in  modeling  of  heterogeneous  chemical  processes 
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i'has  iio''p'ractical'v^^  ■■  ;  -  ■  !  '  ^  -j  • 

^  II.  Approximation  Mod€Sllng  .  ^  . 

i  The  principles  of  apprdxlkhtion  modeling^ are  de-^ 

rived  from  the  fhdt  that  in  the  criterion  equation  it  is  - 
Necessary  to  include  only  thbse  criteTia^which  are 
1  to  the  slowest  stage  of  the  process.  The  thOTodyn^ic  |  . 
treatment  of  this  prCbleiJi  hae  been  accomplished  by  »  yj- 
konov  (3)  *  who  states  that  in  t^he  criterion  equations  it  i 
is  necessaiT  to  include  only  such  criteria  as  relate  to  4  , 
non-equilibr‘ium  Cr  quasi-static  stages  of  the  process.  .  ,, 

i  ^  As  a  result  of  separating  ptit  the  limiting  stage  ; 

!  in  the  general  criterion  eqtatibn  the  incompatible  criteria 
I  (for  example^  DSj  and  Re)  disappear,  which  mbkes  it  pos-  ji 

!  sible "in  principle  tb  search  for  t^e  functfbnal  relation- 
I  ship  between  the  criteria*  •  .t,  '  ^ 

!  The  main  possibility  for  isolating  the  limiting  j 

■  S'tag6  is  predicatsd  on  ths  fact  that  in  many  cases  the  j 
i  complicated  process  consists  qf  several  consecutively, oc- 
icurring  stages.  The  .slowest  of  such  stages  is  alsb  the 

S  limiting  one.  .  ■  !  ,1  ; 

in  the  field  of  chemical  reaction  kinetics,  where  | 
!the  reactions  are  complicated  by  processes^ Of  heat-  and  j 
! mass-exchange  it  is  convenient  to  distinguish  (3^)  reac-  | 

: tions  that  occur  in  the  kinetic  region,  when  the  limiting; 
i  stage  is  the  same  as  the  chemical  change;  reactions  occur^ 

’  ring  in  the  diffusion  region  when  the  limiting  stage  is  ; 

;  the  diffusion  of  the  reactants  to  the  reaction  zone;  and,i 
‘  •  of  course ,  reactions  securing  in  the  diffusion— kinetic 
regi bhi  when  the  rates  of  diffusion  and  chemical  change 
'  are  comensurate .  This  is  a  most  difficult  example  for  1 
'modeling.  The  processes  of  heat-exchange  within  the  sys-; 
tern  occur  simultaneously  with  processes  of  chemical  change 
and  therefore  cannot  be  determined.  ,  i  v*  .1  ' 

We  will  indicate  methods  of  determining  the  limit¬ 
ing  stages  ( 17 ,18)  .  •  i]  ^ 

1.  Determination  of  the  temperature  coefficient 

for  the  total  process  rate.  If  by  a  10  change  in  tempeiS- 
ature  the  total  process  rate  varies  by  2-3  timep  (as  fol¬ 
lows  from  the  Arrhenius  law) ,  then  the  limiting  stage  in 
that  of  chemical  change.  If  changing  the  tempepture  by 
100  results  in  a  change  in  the  total  process  rate  of  1.5 
times,  then  the  limiting  stage  is  one  Of  mass-exch^ge. 

For  intermediate  instances  the  reaction  occurs  in  the  dif¬ 
fusion-kinetic  region.  ,  .  u.  a  ^ 

K  2.  Determination  of  the  apparent  order  of  the  re¬ 
action.  (If  this  is  different  from  unity,  then  the  limit- 
j_ng  stage  of  the  process  is  that  of  chemical  change. 
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■  :<  .. 


However*  if  the  order  of  the  reaction  is  equal  to  unity* 
the  Queation  of  the  limiting  stage  remains  an  open  one* 
since  the  process  of  mess-exchange  depends  on  the  concen¬ 
tration  also  in  the  first  d.egree. 

5#  Det^rminfttiotx  of  the  dependence  of  the  total 
process  rate  on  the  hydrodynamic  conditions  of  its  pro- 

If  :^he  process  rate  does  not  depend  on  the  hydro- 
dynamic  conditions  of  its  progress* .then  the  limiting^ _ 
stage  is  that  of  chemical  change,  but  if 
then  the  limiting  stage  is  either  the 

cess,  or  simultaneCusly  the  mass^exchange  process  end  the 
prtcisa  6?  ehemloal  ehinge  (that  la,  tha  reaction  oceura 
in  the  diffusion-kinetic  region)* 

1.  Modeling  of  ^'^®  kinetic 

. ^  region  ■  '  ' ; 

In  the  case  of  a  process  occurring  in  the  kinetic 
reRion  the  criterion  equation  involves  only  chemical  cri¬ 
teria  in  which  equations  (22)  -  (25)  are  expressed  in  the 

following  form:  ,  ■  , 

Pop  ippeversihla  chemical  i^eactloiis 


or 


Dar  const 

*  €W 


(26) 


(27) 


IJhe  ratio  of  concentrations*  as  has  been  already 
noted  above*  can  be  replaced  by  a  ratio  of  the  physical 

properties  of  the  system.  /biL^ 

^  For  reversible  chemical  reactions  equations  (24) 

and  (25)  are  expressed  in  the  form: 


pa  —  f(Ko) 
X,-f(Ko) 


(28) 

(29) 


For  the  generalization  of  experimental  data  on 
chemical  reactions  with  unknown  mechanisms*  occurring  in 
the  kinetic  region*  two  methods  have  been  suggested  (2'* 
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One  of  these  consletB  of* drawing  a  graph  pn  the  tasie  of 
experimental  data*  using  the  coordinates  Pa  ; 

-r»  contact  time  of  the  reaction  mixture).Heretheex-. 

'  ^rimental  data  related  to  the 

^nressures  lies  on  completely  determinable  ourves.^  i  ; 

The  search  for  the  functional  relationship  of  ,  p 

ipa  ■  f(Ko)  is  equivalent  to  a  combination_of  all ^th|  ^e  i 

^curves  into  one  curve.  Ccinsidering  that  Ko  “  i 

k  »  f-,(T)  »  and  assuming  that  the  reaction  occurs  in  the  j 

igaseous  phabe  ,  that  i^  »  is  possible  to  find’ 

ftiit  the  enerKV  of  activation  and  tie  order  Cf  the  i^eVetsS 
SeLtion  bv  drying  the  distancd'between  these  cu^es .  ^  ; 

With  these  values  we  can  find  the  criterion  Ko  and  derive 

a.pe»a.n«  Pa  .  f(Ko),  tpat  la.  t6  PomMna 

all  generalization  coniists  of  sSarck- 

inK  for  a  functional  relationship  between  the  reaction  ^  ;  • 
rate  and  the  thermodynamic  potential  tK^ex-' 

in  the  capacity  of  the  <iriving  force*  that  is*  Jn^^he  ex 
»eT?lmentaliy  established  dependency  having  the  form  _  _  . 

M  «  kffZ/RT;.  Where  k*  «  coefficient  in  dimensions  of  the; 

rate  limany  cases  this  coefficient;  can  be  taken 
as  constant.  Z/RT  la  the  analog  of  the  Arrhenlua  crlter- 

*  ;nJS*“SSa“(lir-‘(i9)  it  ^ollowa  that  the 

?Srnrlctsl"do:f  noH^tnl  oS  Sa  leo&icfo™  SI  dl.: 

<  menslons  of  the  sy tern*  Under  the  conditions  that  the^resif 
dence  time  in  the  reactor  remains  relatively  constant. 

-4  R  ‘  the  eoualitv  1/w  »  constant  is  preserved*  (This 
SSiSloS  hlSSr/loSa  Ita  force  If  a  chain  reaction 

occurs  if ^ the  excitation  or  the  rupture  of  the  chain  in 

+v\o  lapAPtion  takes  place  on  the  reactor  walls  *  ^d  sl^o 
if  the  chemical  change  is  accompanied  by  the  release  of  a; 

considerable^amount^of^heat J^action  oc*^ 

curring:  in  the  kinetic  region  can 

ducingbhe  criterion  and  the  criterion  K^,  which  re¬ 

sults  in  a  criterion  equation  for  the  kinetic  region*  tak¬ 
ing  -the  form: 


taoiv 


(50) 


Aft  «oted  above,  the  heat-exchange  cannot  be  isolated 
fyift'UmitinK  stage  Because  of  this*  in  going  from  one 
scale  to  ano&  f?l  ibe  case  of  a  very  vigorously  JkO-  - 
theLiic  reaction  (in  avoiding  complications  due  to  the 
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formstibn  of  a  temperature  profile  in  the  reactor) • there 
is  usually  employed  in  the  capacity  of  a  model  one  of  tue 
elements  of  the  larger  reactor*  if  the  reactor  consists 
of  several  elements  (for  example*  in  the  case  of  a  factor 
consisting  of  a  system  of  tubes  packed  with  catalyst,  one 
of  these  tubes  can  be  taken  as  such  an  element; . 

In  spite  of  the  fact  that  in  modeling  chemical  pro** 
cesses  occurring  In  the  kinetic  region  it  is  not 'necessary 
to  set  aside  geometrical  8iffiilarity*stlll  in  a  number  of 
cases  these  processes  still  tend*  for  technological  rea* 
sons*  to  preserve  this  kind  of  similarity  (for  example* 

in  modeling  mixers  (12)  )  .  _ 

In  carrying  out  rSacti^nns  releasing  or  absorbing 

a  large  amount  of  heat*  which  reactions  occur  in 
callv  similar  apparatus*  the  complication  arises  involving 
the  fact  that  with  an  increase  in  the  reactor  dimensions,  • 
while  preserving  geometrical  similarity,  the  ratio  of  the 
heat-exchange  surface  to  its  volume  is  decreased*  which 
indicates  that  the  conditions  for  the_  intake  and 
of  heat  are  deteriorated.  For  accomplishing  approximation 
modeling  in  such  cases  it  has  been  recommended  (2)  Jo  _ 
artificially  the  value  of  the  heat  flow  per  unit  of  heat¬ 
exchanging  surface  in  the  model  reactor  by  means  of  adia- 
bat i sing  the  reactor.  This  can  be  achieved  through  build¬ 
ing  the  insulation  layer  at  the  heat-exchanging  surface 
laboratory  roBCtor  or  by  introduction  of  supple-* 
mLtao  h«atln|7  Such  a  method  makas  It  poasibla,  in  aplte 
of  the  difference  in  values  of  the  he at- exchanging  surface 
in  the  model  compared  to  that  in  the  prototype*  to 
this  objective:  that, per  unit  of  time  the 
heat  Is  supplied  to  both  reactors  per  unit  of  volume.^ 

;  It  is  necessary  to  consider  also  yet  another  diffl- 
culty  which  arises  in  modeling  ' 

tors.  This  difficulty  lies  in  the  fact  that 
portions  of  the  reaction  mixture  in  many  vessels  which 
are  operating  continuously  reside  in  the  reactor  for  dif¬ 
ferent  lengths  of  time,  that  is,  in  such  a  reactor  a  def¬ 
inite  distribution  of  residence  times  will  be  established. 
Thi^affects  the  course  of  the  reaction  with  an  especially 
strbng  negative  effect  when  the  basic  chemical  reaction 
?nomplilatcd  with  Bimllar  reactions  occurring  eucces^ly. 
Thus,  in  modeling  continuous  chemical  processes 
duction  in  the  model  and  in  the  prototype*  both  having 
similar  yields,  it  is  necessary  to  satisfy  the  equality 
of  the  residence  time  distributions.  *.4  ^ 

-  In  the  study  of  heterogeneous 
(the  determination  of  reaction  mechanism*  the  deteraina-  , 
tion  of  optimal  temperature  conditions  for 
reaction,  etc.)  it  is  important  to  develop  in  the  labora-  . 
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tory  apparatus  such  conditions  wMch  ®fy,- 

rSca  to  the  minimum  diffusion^resistjmcev  that  is,  thp j 
•nAftrtion  would  proceed  in  the  kinetic  region#  In  acniev 
inS  this  it  is  very  important  to  evaluate  as  fully  as  pos- 
iMe  the  diffusion  resistance  and,  consequently,  as  pre-  ; 
cuel?  «  poMible  the  ,xperl«ei.tal  data  In  the  detanolna- 

<1-  TtftRaible  to  utilize  the  following  methods  (20).  The 

'  ft?  the  resulting  Reaction  rate  Uj#on  ihe  weight 

!  ?eloclt?  »f  thff low  G  under ,  , 

time  in^the  reaction  zone  is  constant) don  be  determined.  , 

"“^te:  'satiafyln^  the  precedltg 
■mount  to  recognizing  that  simultaneously 

in  the  weight  velocity  the  catalyst  layer  . 

Increased  by  the  same  n'umher  Of  timeSjj^/ 

AS  follows  from  the  preceding  the  kinetic  i 

must  correspond  to  that  portion  of  the  ^  (  )  t  i 

where  U  becomes  conatmt  end  does  not  depend,  or  depends; 
Vhry  .  on  further^ncrease  dn 

to  ths  ouantlty  Of  . 

substance  transferred  through  the  diffusion  layer,  we 
tain:  '  ■’  ^ 


Vr^Mm^PK 


(31)1 


where  U  -  reaction  rate,  expressed  in  terms  of  the  number 

fer  in  the  gaseous  phase;  -  surface  per  unit  catalyst 
mass;  and  «  difference  between  partial  pressures  of 

component  ^j^^”^^^j/^and^^tbe^Sefficient  of  mass  transfer 
V,  figules'in  ^  ^he  generalized  equation  of  Chilton  and 
?olburn(21),  modified  appropriately  to  heterbgeneous  reac¬ 
tions  by“Bougen(20): 

(32) 


,f  . 
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Solving  eimulteneousiy  equation  (51)  end  (52)  for 


we  obtain: 


Pa  a* 


rm) 


(55) 


In  the  equations  set  forth  above:  p  -  total  pressure; 

Pj^  -  partial  pressure  of  component  A;  *  average  mole¬ 
cular  weight  of  the  flowing  gas;  |tand  ^  -  dynaniic  viscos¬ 
ity  and  density  of  the  flowing  gas,  respectively;  .  ^  . 

d/  .»*  overage  coefficient  of  the  diffusion  component  A  in 
Am 

the  gaseous  phase;  &q  «  proportionality  coefficient; 

_  *  modified  criterion  Re;  and  «  surface  of  a  sin¬ 
gle  catalyst  particle.  ,  , 

The  first  of  the  criteria  on  the  right-hand  side 
of  equation  (53)  i®  ®  modified  Daj  criterion. 

In  actuality:  _ _ 

Pa/p-*'^^-'- 

^here  c*  «  concentration  in  moles)  |jiPjC^v*(v  is  expressed 

in  m/sec)  has  a  certain-conditional  velocity,  since  ^  is 
inCk^feecym^  and  P^^  «  m*^XKg  mas^  -  ip  p  — „  • 

kg  force  sec^ 

In  such  a  fashion  equation  (53)  can  take  the  form: 


e  «* 


(3^) 


where  the  values  of  a  and  n  depend  on  the  Re  criterion. 
The  values  of  a  and  n  are  shown  as  follows: 

when  Re  <620,  Bq  «  2.44,  n  -  0.51 

when  Re  ^620,  a^  «  1.25$  »  *  0.41 


On  the  basis  of  equation  (53)$  and  that  derived 
from  it  r-  equation  (54)  —  a  graph  is  plotted  in  coordin¬ 
ates  of  ■  -i-DaxPr^'^^ .  The  Re  number  is  brought  in 

Pa  ao  I 


as  a  parameter.  By  doing  this,  for  each  value  of  Re  we 
obtain  lines  drawn  frOm  the  origin  at  different  angles. 

Choosing  the  limits  of  precision  to  which  the  actual 
chemical  reaction  rate  must  be  detemined  and  the  difference 
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Ap^/p^  correspoiiding  Po  it  in  tiie  dififui^ioh  XayfiP*  we 

find  the  correspondihg  velocity^ 6f  the  flows  at  a  given, 
value  of  the  cPttplex  (l^Q^|^pp2/3) *  Thus,  for  example,  If  , 

in  the  tciveh  study  it  is  permissible  that  the  value  of  thfe 
ieaVtioh  Tate ,  taking  Into  cohsideration  the  dif f u jiop  re- 
sistance,’  lies  wlthih  the  liiiits  of  preoisipn  up  to  IC.^ti 
;we  take  Ap^/p^  •  P«l»  if  the  precisiofi  must  lie  within 

i  li  mit^  "  %  to  1  %,  then  the  itiorresjpondihg  p.^  •  i 

I  In  an  analogous  fashion  We  can  evaluate  the  temperature 
^gradients  in  the  bound^  layer.  .  ■  "  '  ’  ,  j 

;  / 2.  Modeling  processes  occurring  in  the  diffusion  j 

■I  -  region  , 

In  this  case  the  Criterion  equations  (22) -end  (25) ; 

; take  on  the- form: 


Da,  f  /(Rc,  Pr) 


(55) 


Here  we  can  employ  also  the  simplexes  and  as 

determining  criterion.  —  .  i" 

The  Httod'e ling  6f  processes  occxirring  in  the  diffusion 
region  result's  therefore' in  the  utilisation  of  the  well-^  ■ 
taiown  criteria  , of  physical  similarity  and  will  not  be 
vestigated' 'here 

3.  Modeling  processes  occurring  in  the jlif fusion-  ; 

, .  ^  kinetio  ’  region  ^ ^ ' 

Included  in  these  processes,  in  the  first  place, 2; 
are  heterogenous  chemical  processes,  processes  of  catar 
Ivsis  and  of  absorption  accompanying  the  chemical  reaction. 

^  Here,  due  to  the  incompatibility  of  the  criteria 
Daj  and  Re,  which  enter  in  equations  (22)  and  (23)  the 

principal  difficulty  arises  when  employing  these  equations 
for  modeling.  This  difficulty  makes  more  imperative  the 
need  to  take  into  account  the  resistances  in  each  phase, 
by  means  of  introducing  criteria  for  each  phase.  However, 

this  difficulty  may  be  avoided.^  _  ^  . 

'  Usually  tha  same  catalyst  is  employed  both  in  the 
model  and  in  the  prototype  (with  identical  granulometric 
composition)  or  the  same  dessicant.  For  this  reason,  the 
volume  elements  foinned  by  adjoining  catalyst  grains  or 
dessicant  are  identical  in  the  model  and  in  the  P^®^2^yP®* 
However,  in  this  regard  it  should  not  be  overlooked  that 
for  small  values  of  the  ratio  dg^/d^  (diameter  of  apparatus 
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d  to  the  grain  diameter  d^)  it  ie  necessary  to  consider  '■ 

wall  effects.  Thife  permits  an  immediate  transfer  ■ 

sSlts  obtained  in  the  model  over  to  the  prototype*  i£  con- 
<^itibna  of  carrying  out  the  experiments  (load  per  cross-  .  ^ 

section  of  the 

are  kept  constant  and  if  d^/dQ  is  suiiiciontiy  g 

If  the  reaction  ie  accompanied  ty  the  ^ 

llSentaS  rewloM  Sf  siall  diameter  in  order  to  inereaae 
the  ratio  of  the  external  heat-exchanging  surface  of  the 
reactor  to  its  volume  and  thereby  obviate  the 
ftf  insufficiently  high  temperatures  developing  Ipside  the 
jLrtS  Usuall?  in  such  cases  a  reactor  is  used  vhich 
^nrtni  ats  of  a  svstem  of  Small  diameter  tubes.  The  diameter 
if  chSen  fr?m  rcilcSia?ion  of  the  production  of  the  per- 
missible  difference  in  temperatures  between  the  lieart  of 
“hffloS  inside  the  tube  and  its  walls*  corresponding  to 

the  production  of  maximum  yield(^;.  4v,4-a  arAftimt 

In  modeling  it  ie  necessary  to  take  into  account 

also"  the  previously  expressed  consideration  concerned  with 

the  raaultlrg 

•nAor-Uftn  rate  which  reaction  occurs  in  the  diffusion- 
kinetic  region,  equations  are  used  that  are  analogous  to 
thSee  OTtlwed  'for  the  calculation  of  the  procecaes  of 
almple  maas-transfer  uncomplicated  by 

that  is.  the  resulting  kinetic  coefficient  is  determined 
■►v»A  ^Ar^Tiroeal  value  of  the  sum  of  the  resistances  in 

each  of  the^hases.  Here  the  individual  fuf 

for  each  phase  can  be  determined  from  the 

corresponding  criterion  equations  for  these  phases. 

^fnce,  in  the  case  of  a  heterogeneous 
tion,  the  resulting  reaction  rate  can  be  calculated  from 

the  equation(23)  '• 


Om  *" 


/kp  ^  d 


(36) 


where:  k^  -effective  rate  constant  of  the  heterogeneous 
chemical  reaction;  Cj.  •  concentration  of  the  chemically 
active  component  in  the  gaseous  phase;  kj.  »  coefficient 
of  mass-transfer  in  the  gaseous  phase;  and  C/d^  -  ratio 
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a  reaction 'occurring  per  1  cin^  pf  the  total  patalyet  eu^, 
face;  "Fq  «  total  eurf ace  of  .1  g  of  catalyst;  jpg.  «  apparent 

of  the  porous  catalyst  mass;  ij?  -  coefficient 
of  utilisation  of  the  chtalyst  surface »  taking  i*it6  acco'^t 
the  drop  in. ooncentrations  of  the  corresponding  component!  ^ 
inside  the  'pores  of  the  Oatalyst.  J i  •  i 

For  a  very  rapid  reaction,  this  occurs  almost  ***  '  , 

Iclusively  on  the  external  surface  of  the  catalyst  grainsi- 
and  in  that  case  •A— *►  0.  for  a  very  slow  reaction,  tMs 
llnvolves  the  entire  surface  pf  the  catalyst  grains,  includ- 
'ing  the  sui^rhce  of  the  internal  pores,  in  which  cpse  lj^*  1;. 

I  Thns,  in  equation  (36;  the  value  of  ip  always  ■ 

iless  lin  the  denominator  t^f?  into  aocoint 

alone  with  purely'  chemical  resistance  the  diffusion  resist- 
iS°e®lSsldS  tte  poi>i8  of  tto  catalyst  gfalna.  .BeverSl  stud- 
iie8(24)  bava  calculated  the’  diffusion  feslBt,hce  Ins^e  the 
|pores“separately  from  the  Chemical  resistance  a  ^fn  such  a.*. 
lease  the  denominator  includes  three  items.  Such  n  form  of 
ithe  equation  is  less  convenient  for  ^  I 

!  Similar  equations  are  employed  in  calculating  for  | 

i  ahsorptiOn  processes  (2^,26)  that^ accompany  chemical  reac^ 
tions,  and  also  for  procesies  of  heterogeneous  capplysis  ip 

the  the^call^of  a  slow  irreversible  first-order  chem- 

iicai  reaction  occurring  in  the  liquid  phase  volume,  the 
; following  equation(22)  has  been  proposed:  : 


(57) 


where  H  -  Henry’s  constant;  ^  -  total  .mass-trarisfer  coef¬ 
ficient  for  mass  transferred  into  the  gaseous  phase;  and 
PjH  «  partial  pressure  of  absorbent  in  the  liquid  phase 

volume.  necessary  to  note  that  in  absorption  processes 

aecomoanving  chemical  reactions  in  the  presence  of  processes 
of  het^Seneous  catalysis,  the  chemical  reaction  occurs^  . 
as  a  ruleVt  on  the  surface  of  the^phase  boundaiy,  JJt JLn  ^ 

the  zone  adjoining  this  surface,  which 

ness,  iheref ore  the  process  of  chemical  change  and  the  . 
process  of  diffusion  in  the  liquid  phase  proceed  not  suc¬ 
cessively  but  simultaneously,  which  leads  to  a  continuous 
decrease  in  the  diffusion  flow  of  the  absorbing  component 
to 'the  extent  of  its  passage  through  the  diffusion  layer 
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r-,V 


^  ^  ^  <;  . 

in  the  llQuid  chase.  This  circumstance  also  leads  to  a 

cermn  cSSllcation  in  the  form  of  equation  (37)  in  com- 

parison  with  equ^ion  ( 3|) ,  criterion  Ha  he  em-  ■ 

moved  mso!  for^hl  cmculation  of  ahsorptioh  procehs^s ; 
5c?om?’aSj?Sg  «Ltiona  of  the  second  and  higher  orders  ; 

'in.  Scale  Squatiojie  .  -r  . 

’  A  coheequence  6f  the  use  of  Principles  of  apnroxi- 
mation  modeling  are  the  soi-called  scale  equations  (2*2 *lft* 

^’^^*The  Bcaie  equations  are  obtained  by  equating  PJ^r- 

wise  criteria  which  characterize  the  environment  of  the 

ATiffftinff  ■brocess*  in  the  model  and  in.  the  prototype »  and 

M^elimiriSiorin  these  criteria  of  the  physical  constants 

that  reittain  constant  in  the  model  and  in  ^e  prc'tcbj^e.^ 
that  remain  c  derivation  of  the  scale  equation 

for  thS^chemical  process  that  occurs^in  the 
and  which  is  complicated  by  heat-exchange. 
indicated  above,  the  |««®ral  criterion  equation  for  6 
. a  process  can  be  set  forth  in  the  form. 


/(D»t.  K«,  K,)*o  , 


:  (  30) 


To  preserve  the  similarity  of  the 
in  the  model  and  in  the  prototype  ^f^’^lres  the  prese^a 
r\r\  eotifitsincv  of  8lH  whicb 

this  stage.  To  obtain  the  scale  equations  let  us 
paib-wise  for  the  model  and  for  the  prototype  all  the  cri¬ 
teria  entering  into  equation  (30): 


(hai)M  » (U*ii 


(38a) 

(38b) 


where  the  indexes  M  and  indicate,  respectively,  ^at  the 
o-ivATi  values  refer  to  the  model  end  to  the  Pi“C^c^3TC*  _ 
^  Eliminating  the  physical  ^ 

that  the  concentrations  we^ 

remain  unchanged  in  the  model  and  in  the  proto  yp  » 


Obtain  for  the  criterion  Da. 


(39) 
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From  the  equation  obtained  it  follows 
model  and  in  the  prototype  the  residence  time  must  be  iden- 

For  the  criterion  obtains 


“m  _  Ja 


(40) 


The  criterion  **  c  physical 

constants  and  therefore*  it  yields  no  -in«A 

In  an  analogous  fashion  we  can 
tions  for  other  limiting  stages.  Thus*  ^^®.  ®®®®  ®f 
heterogeneous  Chemical  reaction  occurring  in  the  purely 
kinetif  region,  there  enter  into  the  criterion  of  the  scale 
eauations  the  catalyst  activity  Oc  and  the  voltjme  velocity 
8  (l/sec).  For  this  case  we  have; 


*“  (®*0n  »«« 


_  ^gf  *n 


(41) 


Where  k‘  -  rate  constant  of  the  heterogeneous  chem¬ 
ical  reaction  occurring  per 

>  Introducing  the  volume  velocity  s  (l/sec),  we  oh 

tain: 


.  (42) 


whe‘re  dQ  «  diameter  of  the  catalyst  grain  when  jjg-  «  1 
and  when  (d,)j,-  (d^^  (the  si se  of  the  granules  are  taken 

as  constant  since  the  change  in  granule  dimension,  as  a 
rule,  is  reiated  to  catalyst  activity),  we  obtain; 

.  ^  ^  "  ''  V  '  (43)  -■ 


that  is  the  volume  velocity  in  the 

type  must  be  equal;  it  has  been  suggested 

deriving  the  scale  equation  for  the  case  of  the  chemical 

reaction  occurring  in  the  kinetic  region,  ^]J®  “®® 

to  calculate  for  the  heat-exch^ge  it  i®.;®®®J®®J?.^® 

ploy  the  criterion  DSj^  in  con;)unction  with  the  thermal 

criterion  Nu.  We  set  forth  the  derivation  of  this  equation 


approp-iBtely  tot  6  homogeneous  chemica:.  reectinr  occurring 

in  ft  tubular  reftctor. 

Equating: 

(Daiv)„  (P»tv)n 


we  obtain: 


(44) 


where  4„  era  dn  -  dlgmetere  of  the  tubular  teaetora  ea- 

,  i  \^orh4rtivelv.  for  the  model- fend  the  prototype. 

ployed,  Quantity  of  product  processed  in  the 

wSt?le- n  greener  than  that  for  the  aodel.  we 

Obtain  the  following  relationship: 

W) 


from  which: 


(46) 


„  s;m:‘s.«%5ss 

obtain:  ,  ti  t 

(58b) 

<n»n 

rnnsidering.  in  addition,  that  the  Identical  yields 
So?f  syB?L°.  Ihen  for  a  tubular  reactor: 


Ku  »  const  Re*’* 


From  equation  (44)  we  obtain: 


jiA  ' 

»ii  „  V,. 

«C’*  <* 


From  equation  (58b)  it  follows  that 


(47) 


(48) 


(59) 
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'Solving  simultaneously  equations  (45)»  (48),  and 
(59)  we  finally  obtain:  '  \ 


W) 

(50) 

(51) 

In  conclusion  we  Will  ejckjilne  the  derivation  of 
the  scale  aquations  for  the  case  a  homogeneous  cheiaiCal 
reaction  in  the  gaseous  phase  ‘  in  a  continhpus'-operation 
tubular' ■  teactorrv 

In  the  derivation  of  scale  equations  here  it  is 
necessary  to  take  into  account  the  fact  that  the  pressure 
loss  in  the  model  and  in  the  prototype  must  be  equal,  '  • 

since  in  the  opposite  case,  in  the  reactor  where  the  loss 
of  oressure  will  be  greater,  there  takes  place  an  increase 
in  the  flow  of  the  gaseous  mixture  in  the  reaction,  as  a  - 
consequence  of  which  the  residence  time  in  this  reactor 
is  diminished.  Neglecting  the  difference  in  pressure 
losses  4s  possible  only  in  such  cases  when  the  total  pres¬ 
sure  in  the  system  is  large  compared,  to  pressure  losses. 

If  we  represent  the  friction  coefficient  of  the  gaseous 
medium  in  the  form  of  the  equation:  ; 

"■'  "  ■•i-^52)"'' 

and  considering  that  ...  ^ 

•-  ■  :r..,  ^  (55) 

and  that 

;•  ■■  r:  ::  -■  ■■ '  ---  ■  (54)  , 

where  ^5'  constahts.  ■ 


-  ds 
tions  02) 


a  ipeCult  of  the  simultaneous  solution  of  .equa- 
(54)  we  Cbtain:  i+m  :  ' 


'  (5^) 

> 2sub script  pf  V  «  0ec7 
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In  a "turbulent  motion  regime  we  can  equate  m  -  0.16. 
Introducing  this  value  into  equations  (52)  and  (5?J  we 
obtain# 


(V'c 


(V 


c.K'y 


(97) 

-Ifc) 

(58) 

Therefore,  the  ratio  of  the  dimensions  of  the  model 
pnd  the  prototype  taken  in  a  direction  perpendicular  to 
the  direction  of  the- flow  motion  toust  be  larger  than^the 
SurorthrdimeLioi.8  taken  parallel  to 

the  flow  axis.  Consequently,  the  model  tubular  reactor 
must  have  the  ratio  of  its  length  to  its  ®  ^ 

larrer  value  than  that  for  the  prototype .  For  a  laminar 
regime  of  motion  in  both  reactors,  on  the 
Poiseuille  equation  we  can  analogously  proceed  to  the  fol¬ 
lowing  scale  equation:'  '  '  ,  '  •  • 


d.  f  (V..rK>n  Y'* 


(59) 


Since  the  ratio  of  the  reactor  lengths  is  equal  to 
thP  ratio  of  the  reactor  diameters,  in  this  case  geometrical 
similarity  must  be  preserved;  since  the  ratio 
expenditure  is  equal  to  the  ratio  of  the  cubed  diameters 
of^the  reactors,  the  volume  expenditure  must  be  proportional 

to  the  made(14)  to  model  reactors  on 

eeometrical  and  regime  parameters.  The  diameter# of  the 
fppa?atus  d^  and  the  linear  velocity  of  the  flow .motion 

w  have  been^employed  as  fundamental  parameters.  These 
uarameters  have  been  utilised  in  the  form  of  the 
?he  cor?Lponding  values  in  the  model  and 
As  supplementary  parameters,  the  ratio  of  which  in  the 
model^and  in  the  prototype  is  stressed  through  J  ratio 
of  the  fvindamental  parameters,  there  has  been  employed  the 
Jol^e  flow  velocity  the  geometric  simplex  d^/1,  the 

criterion  Re,  the  criterion  Da^,  the  drop  in  pressures  Ap, 

and  the  heat  flow  through  the  heat-exchanging  surface 
jtd  lot  or  dl/dg.»  where  <k*  coefficient  of  heat  output,  and 

i  theat-tranlfer  factor.  Here  it  is  assumed 

height  of  the  iapparatUs  varies  proportionally  to  the  linear 
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flow  velocity,  that  is,  that  the  mean  residence  time  in 


is  are  employed  5 
ratio  of  reactor 


ratio  of  diameters  01  tne  reacvwiB 

let.gtM  |!^y  ,  ratio  of  tha  liMar  velocities  ,  and 

^ '  jSeCifl  _ti  irViAea  t'fl'kl  O 


the  ratio  'of  volume  velocities  *  ®Jiese  ratios 

have  been  called  scale  multipliers  (cf  fable  2). 


/n  comparative  parameter;  2)  scale  multiplier;  3)  diameter; 
4;  length,;  3)  velocity;  6) 

•The  relationship  between  the  scale  multipliers 
which  characterise  the  ratio  between  the  fundamental  para- 
meters  is  expressed  in  the  equation: 

;  (W 

■  Hence,  bv  expressing  the  ratio  of  one  of  the 
mental  SaJ^rtSs  ll  the  model  and  in  the  Srototype  throngh 
S  ratlo'^of  other  parameters,  different 

4-ci^yiAfi  (Thus*  wh6n  z  *  &  $  W6  lisiv©  X  >B  1  (Tftbld  2^  column 
4)  This  case  corresponds  in  practice  to  the  preservation 
of  the  constancy  of  the  diameters  of  the  model  and  the 

prototype.  -^^(Table  2,  column  5)»  JPJ^ie 

case  corresponds  to  geometrical  similarity  of  the  model 

rSd  the  prototype,  owing  to  the  equality  z/y  -  1  and  y  -  x, 
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that  is,  the  ratio  of  model  and  prototype  lengths  is  equal 
+-hp  -patio  of  their  diameters.'  , 

^  Analogously,  when  z  »  1  (Table  2,  col^n  6)  we  have 

-i/fc*  *rhiB  refers  to  the  equality  of  itodel  and  protd- 
«oe  lengths  when  the  ratio  of  the  model  and  prototype  pro- 

S^ivltlea  id  equal  to  the  ratio  of  their  cMss-aectlona. 
ductivltlea  la^.qu  ^  1/x  (Tahle  2.  f 

«  /.finapmience  X  »  &  .  This'  case  corresponds  to  the  case 
of  thrOTSe?vatlo“  of  hydrodynamie  similarity  In  the  model 
thrurototvpe.  Actually,  the  condition  ax  -  1  in-, 
that  the  ratio  of  the  criterion  Re  in  the  model  and 
?n  ?he  pro?otwe  [f  equal  to  1  (since  the  Physical  constants 
*^then  the  ratio  of  the  criteria  are  shown 
jrbffqrafli  rtfpwduci  ax).  In  Table  R  scale  relation- 
fpp  iic?nlaved.  which  are  shown  to  be  expressed  as 
?v!i^pptto  of  supplementary  parameters  in  the  model  and  in 
Sotot?pe  though  a  raUtlonshlp  of  the  fundamental 
^^^e.^p4-ppe^for  each  of  four  previously  examined  examples. 
S^ritteLris Tmodlfiad  method  of  islng  scale  equations. 
This  particular  case  of  the  heterogendous  »*«- 

ivtio  reaetlo?  Mcurrlng  in  the  gaseous  phass  over  a  fimad 
catalyst  layer  we  can  obtain  the  following  Xlnetlc  s'Jua- 

tion(6);  V  (61) 

.  V,^dy^  Ut,  (i-y)dF  .  .  ^  ■■ 

Where  v  «  extent  of  change;  dF  «  elempt  of 

fec^  and  \}^  •=  rate  of  chemical  reaction  expressed  in 

units  Jg^JoJ®(51)^permits  us  to  relate  the  size  0^ 
apparatus  t6  the  chemical-reaction  rate  and  to  the  extent 

of  eaugtion  is  valid  under  the  following  assump- 

■  tlona:  ■Sa%h1S?oa“rtaction  rate  la  constant  throughout 

apparatuE  proportionally  to  the  dlfferenoen  eppara- 

?SrSd  ?Sa?  ttao?aSollfy  poaaihle.  and  the  first-order 
reaction  hoouMuWlthout^vol^e^o^ang^  <61)  “« 


1  — * 


(62) 


Ecu^tiion  (62)  can  be  set  forth  in  the 
following  relation  between  terms  of  the  dimensionless 
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complexes: 


r  •  r 


(63) 


,v.aY.o  A  «  -e/lnCl  -  y)  is  the  criterion  which  indicates 
;Se  exiert  Of  a  given  value  of  .the  utilized 

portion  Of  the  catalyat^tfaee.^  phyalcel  eOnoept  thle 
criterion  is  equivalent  to  the  ccnceptration  simplex 

or  the  relative  yield  simpleie  X^e 

'The  criterion  T*  1/lcr  is  the  criteriCn  of  geome- 
4-  ‘/voi  faimiiaritv  for  the  catalyst  surface.  It  is  equiva- 
le^t  in  iS  iSeicS  concept  to^he  criterion,  of  geonetrl- 

iSterion  W  -  w/H^  ie  the  criterion  of  kinetic  ^ 

l?st  eSSfacn  »”Bpeclflc  eurface  of/the  catalyst ;  and 

w  .  ncte,  however,  that  the  .appllca- 

Miirv  if  iritiriin  equation  (651  is  limited  hy  the 

iiSetic^eouatioL  Moreover,  it  is  assumed  here,  evidently, 

Si  £  ~ 

ffi-sar:;::;.;:  s;  srsr., . 

hcmogeneouB  reaction  has  ifthi^ffioi- 

deriving  a  3  . oriTiaratus  (for  the  latter  Pozin  took 

the^degree  of  approximation  to  the  ^^i^ojetic ally  possible 
Jesulti  that  waS  achieved  in  the  aPParatus) .  .The  Pozin 

equation  is  of  the  following  form  for  this  case,  ^ 


(64) 


u  A  Afficiencv  of  the  chemical  Apparatus;  f  ae^cross** 

Srtion  ifIS  nSS^apparatuB);  and  1  -  ' 

From  an  examination  of  equations  <^2)  and  (64)  it 
4  wavoQ-iViiP  to  set  UP  their  analog,  since  the  efficiency 
is  possible  t  case  of  a  first-order  chemical 

^+?cn^as^is  dear  frOm  its  determination,  is  identical 

reaction,^as  ih  Ciea  equations  coincide 

to  the  relate  the  dimensions  of  the  apparatus 

lo  rtf?!*;  vSc?i?y  and  the  degree  of  ccnveraion.  Hewever, 


in  utilizlttg  the  equations  It  Is  Important  to  keep  in  mind 
that  both  equations  do  not  take  into  account  neither  the  . 
complifeation  due  to  heat-  and  mass-exchange  nor  the  dis¬ 
tribution  of  residence  times  in  the  apparatus.  , 

IV.  Some  Particular  Examples  of  the  Practical  ! 

Use  of  the  Principle  of  Similarity 


Examples  of  the  practical  uee  of  the  principle  of  ! 
similarity  for  chemical  proceahes  occurring  in  the  klnfetic 
region  has  been  described  in  a  monograph  by  D’yakonov(3) • ; 
'Thus,  as  a  result  of  the  generalization*  of  experimental 
data  in  the  synthesis  of  ammonia  At  various  temperatures  i 
the  following  criterion  equation  has  been  obtained: 


(65); 


where  b  •constant.  •  '  ■  .  i 

In  generalizing  experiffiental  data  in  the  synthesis 
of  ammonia  at  various  temperatures  and  pressures  the  follow 
ing  equation  has  been  obtained; 


U  +  bKo 


)■ 


(66)  I 


In  an  analogous  fashion  from  the  generalization  of  i 
experimental  data  for  the  oxidation  of  sulfur  gas  at  yar-  : 
ious  temperatures  the  follo^'ing  equation  has  been  derived: 


i+Ko 


(67)  I 


With  the  aid  of  equation  (6?)  It  has  been  possible' 
to  combine  isotherms  of  the  so— called  Knitch  diagram  into  • 
a  single  curve  which  describes  this  equation.  ; 

In  the  generalization  of  experimental  data  in  the  ; 
thermal  decomposition  of  salts  and  oxides  of  calcium  Md  ; 
cadmiumClO)  it  has  been  shown  that  ell  processes  of  thermal 
decomposition  of  these  oxides  and  salts  are  subsumed  in  the 
criterion  equation: 


(68) 


In  generalizing  experimental  data  for  the  polymerlzi- 
ation  of  vegetable  oils  (in  the  production  of  drying  oil  i 
(10))  an  equation  of  the  form  following  has  been  obtainedtj 
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(69) 


where  4  »  ratio  of  physical  constant a  femployed  for  the 
control  of  the  technological  process  (vis60sitleB»  densi¬ 
ties,  equations  have  been  presented  in  graphic  form. 

Their  practical  use  makes  possible  a  significant  improve¬ 
ment  in  control  of  the  course  of  the  process  and  in  the 
avoiding  of  impediments  in  products.  In  addition,  it  has 
given  rise  to  a  scheme  of  i|utomation  for  this  process, 
based  on  the  equation  (69)  being  employed  herein.  . 

As  a  result  of  the  treatment  of  experimental  data 
in  the  propagation  of  flame  in  a  tube  filled  with  ^^urning 
gases  mixed  with  various  inert  gases*  which  differ  signi¬ 
ficantly  one  from  another  by  teason  of  the  diffusion  Coef¬ 
ficient  s  and  the  coefficients  of  thermal  diffusivity,  the 
following  criterion  equation  has  been  obtained( 32): 


where  w  »  flame  propagation  velocity;  a  »  coefficient  of 
thermal  diffusivity;  and  c-^  and  -  reactant  concentra¬ 
tions  (methane  and  oxygen).  This  equation  has  been  pre¬ 
sented  in  a  graphical  form. 

It  is  easy  to  show  that 


■-  XU  y 


the ‘ratio 


In  actual 


the  criterion  ' 
act: 


is 


Irhe  criterion  D/a  is  obviously  the  ratio  of  thO 
criteria  Pe/Pe^.  The  criteria  remaining  have  been  already 

examined  earlier.  t  ;  .  .  ■  -  ..v 

Thus,'  a  general  criterion  equation  can  be  set  fortn 
also  in' the  following  form:  ‘  : 


where  Xj 


Cj^/Cg,  or  in  the  more  general  form: 


/- (b«,.  Pe,  Pe,.K,KvXt)-o  (75); 

In  the  generalization  of  experimental  data  for  chem¬ 
ical  reactions  ocourring  in  the  diffusion  region^  for  exaih- 
ple,  in  the  absorption  of  ammonia  by  sulfuric  acid,  process¬ 
es  are  described  by  equations  of  the  form; 

^  .  (74).  ■ 

Where  koj  «  kjt  —  the  tota}  coefficient  of  mass-transfer 

into  the  gaseous  phase,  and  Ap^^  «  mean  driving  force  in; 

the  apparatus,  expressed  ip  units  of  partial  pressure. 

Herb,  as  always,  the  mass-transfer  OoeffiCient  is 
found  from  the  corresponding  criterion  equation  for  phy-  ; 

sical  absorption.  ‘  ^  !  ‘ 

In  a- recent  studyCW)  generalized  equations  have  : 
been  obtained  for  physical  sorption  processes  in  drying 
towers,  taking  into  account  the  hydrodynamic  condition  of, 
the  two-phase  system:  for  easily  soluble  gases: 

Nu  •  ReJ'PrJ  (1  +  f)  ‘ 

for  difficulty  soluble  gases: 

'Nu.\4iRe”‘Prl(»  +  /) 

Where  f  •  factor  of  the  hydrodynamic  condition  of  the 
two-phase  system.  The  values  of  A,  m,  n  end  f  depend  on 
the  hydrodynamic  regime  under  which  the  two-phase  system  * 

The  common  criterion  equations  of  mass-transfer  .i 
are  utilized  to  determine  the  rates  of  chemical  processes  j 
existing  in  a  system  of  solid  body-gas.  For  example,  witp 
the  aid  of  the  principle  of  similarity  it  has  been  show  i 
(34)  that  the  velocity  of  the  combustion  of  carbon  is  deter¬ 
mined  by  the  supply  velocity  of  oxygen  through  the  external 
diffusion  layer  in  the  gaseous  phase.  ^ 

,  It  is  necessary  to  emphasize  that  the  dirruslon 
criterion  equations  can  be  employed  also  for  the  case  of 
absorption  accompanying  a  slow  chemical  reaction  when  the^ 
absorbing  component  proceeds  without  reacting,  or  only  vei^ 
slightly  reacting,  through  both  diffusion  layers  (in  the 
gaseous  and  in  the  liquid  phases),  that  is,  when  the  reac¬ 
tion  occurs  mainly  in  the  liquid  phase  vol^e.  For  such  ; 
a  case  the  reaction  influences  only  the  value  of  the  com- 
j)re88ibility  of  the  vapor  of  the  absorbing  component  in 


(75)  ; 

\ 

1 

(76) ! 
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the  iiquid  phase  volume,  without  changing  the  form. of  the 
equation.  A  number  of  such  processes  involve  the  absorp¬ 
tion  of  ethylfonnate  by  a  solution  of  NaOH( 25). 

As  an  example  : of  the  application  of  “e  principle 
of  similarity  to  chemical  processes  occurring  in  the  dif¬ 
fusion-kinetic  region,  we  can  offer  the  criterion  equation: 

I  .  '  '  '  '  '  '  ■ 

Hu-CHaRe’/fr^*,  :  V  (77)1 

Which  equation  was  obtained  in‘  a  treatment  of  the  experi¬ 
mental  data  in  the  absorption  of  carbon  dioxide  by  an 
alkali  solutioft,  end  solutions  of  soda  and  of  d^ethylamine 
(12,28).  As  an  example  of  the  partial  use  of  the  similarr* 
i^  ^inciple  in  the  calculations  of  processes  of  hetero¬ 
geneous  catalysis,  we  can  suggest' •fehe  design  of  a  contact 
tower  for  the  production  of  phenol  by  utilization. of  the 
Raschig  method(^).  For  computing  the  diffusion  resist¬ 
ance  it  has  been  suggested  here  to  utilize  the  method(20) 
described  above  by  the  present  authors.  A  considerable 
niuaber  of  examples  of  partial  application  of  the  similarity 
principle  for  chemical  process  calculations  —  for  processes 
occurring  in  the  diffusion-kinetic  region  in  quite  diversi¬ 
fied  apparatus  can  be  foimd  also  in  other  workB(  3^56) « 

As  an  example  of  the  experimental  confirmation  of 
the  use  of  scale  equations  we  can  point  to  the  work  of 
BretshnevderC 30) .  who  experimentally  verified  the  possi¬ 
bility  of  modeling  reactors  with  the  aid  of  scale  equations. 
The  experiments  were  conducted  in  two  tubular  reactors, 
whose  dimensions  were  established  in  accordance  with  the  ^ 
requirements  arising  from  the  scale  equations  for  a  pseudo- 
homogeneous  system  which  was  represented  by  a  suspension 
of  zinc  dust  in  a  sulfuric  acid-dichromate  solution.  The 
productivities  of  both  reactors  were  divided  into  five 
parts  each.  The  scale  equations  (49)  -  (51),  examined  in 
this  present  review,  were  used  as  the.  original  equations, 
obtained  under  the  condition  of  the  preservation  of  the 
constancy  of  temperature  increases  in  both  reactors.  As  a 
result  of  the  experiments  conducted  it  was  confirmed  that 
in  satisfying  the  geometrical  ratios  found  from  the  scale 
equations,  the  ratios  between  the  dimensions  of  the  model 
and  the  prototype  and  the  flow  velocities,  the  actual  in¬ 
crease  in  temperature  in  the  prototype  coincides  with  that 
set  by  the  limits  of  error  in  the  experiment.  . 

•  In  the  controlling  phenomenon  of  diffusion,  that  is, 
for  processes  occurring  in  the  diffusion  region,  conditions 
have  been  formulated  for  modeling  packing  apparatus  used 
for  systems  of  gas-liquid,  and  vapor-llquid( 39) .  This  is 
made  possible  by  the  fact  that  the  regime  ofthe  point  of 


tkhase  inversion  diecovered.  in  packingeleads  to  the  simple 
conclusion:  1)  velocities  in  each  • 

2)  pressure  drop;  and  3)  .^is 
tower.  Thus*  each  layer  element  of  the  packing  ..  is 
renlaced  by  a  number  of  arranged  layer  elements. 

^  In  treating  the  same  systems  in  the  model  and  in 
the  cbiective,  the  modeling  of  packing  towers  results  in 
the  satisfying  of  the  following  conditions: 

For  the  heights  of  the  pecking  layer: 


For  the  tower  diameters: 


'»  V«*/  \Pc,' 


For  the  pressure  drops: 

'  s-(sr  ft)" 


(78) 


(79) 


(80); 


where  CT  »  specif  ic  packing  surf  ace  (packed  condition)  in  , 

F  •  free  cross-section  or  the  free  packing  j 

volume  in  m  etudyC W)  Involving  the  use  of  Muatlons 

(75)  dnd  (76)  conditions  Save  been  found  for  the  modeling- 

of  of  the  principle  of  similarity  to  J 

chemical  processes  opens  up  the  possibility  of  genera  — 
4v\ir  AVTiftr*lmeiital  data  for  chemical  reactions  occurring  in; 
tSI  Se?iSr^?td?f?usion  the  diffusion-kinetic  re- 1 

gions.  aeveral  instances,  the  principle  of  similarity  j 
has  opened  S  the  possibility  of  modeling  chemical  process¬ 
es  by  use  of  scale  equations  end  criteria  presented  in  t 

integral  form.  .  | 
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